We present a program for the calculation of continuum cross sections, spectra, angular distributions and analyzing powers according to various quantum-mechanical theories for statistical multi-step direct nuclear reactions. Keywords: pre-equilibrium nuclear reactions, multi-step direct, continuum cross sections Nature of physical problem Multi-step direct (MSD) reaction theories provide a quantummechanical description of the intermediate, pre-equilibrium region between direct and compound nuclear reactions. Without exception, these theories are based on an extension of (discrete state) direct reaction concepts to the continuum part of the nuclear level scheme, where the high level density of the residual nucleus necessitates statistical postulates in order to obtain computationally tractable formulae for the analysis of these processes.
Introduction
When a nuclear reaction proceeds by the MSD mechanism, it is imagined that throughout the scattering process at least one particle is in the continuum and that at each subsequent step of the reaction a new particle-hole pair is created. After one or a few steps, the continuum particle is emitted in a direction that still has some correlation with the initial direction. This, together with the high density of states, explains the observed (energy averaged) smooth forward peaked angular distributions (for examples, see [1, 2] ). The MSD reaction mechanism provides a significant fraction of the total reaction cross section for incident nucleon energies between 10 and 200 MeV.
In [3] , we have shown that the whole spectrum of current MSD models can be derived from distorted wave theory plus different statistical postulates, called leading-particle statistics and residual-system statistics, respectively. Residual-system statistics implies that there is a random configuration mixing of residual nuclear states, whereas leading-particle statistics assumes that the DWBA matrix elements for projectile interaction are randomly distributed. As a result, off-diagonal terms cancel and the cross section formulae are considerably simplified [ 2,31. This paper reports on the code system KAPSIES, which calculates nucleon inelastic cross sections to the continuum according to the MSD models of Feshbach, Kerman and Koonin (FKK) [41, Tamura, Udagawa and Lenske (TUL) [5] and an approximation to the Nishioka, Weidenmiiller and Yoshida (NWY) model [6] . The relations between the various MSD theories are depicted in Fig. 1 .
KAPS1ES is the first system that allows to calculate all of these MSD models; only partial implementations currently exist [7, 81 . In addition, all implemented models in KAPSIES employ the same set of parameters for the optical model, DWBA cross sections, level densities, etc. This enables one to carry out a comparison between different MSD theories on a consistent basis. Results of such calculations have been reported in [9-111. For each MSD model, KAPSIES computes double-differential (and angle-integrated) cross sections and analyzing powers in the continuum for each individual step as well as for the total MSD cross section (i.e. summed over steps). This enables us to analyze a large part of the experimental energy spectrum and the associated angular distributions. As an additional test for the validity of the quantum-mechanical models, we have also implemented the systematics of Kalbach [ 12] , a purely phenomenological approach based on data fitting that has become well known for its reliable estimates of continuum angular distributions. In [ 1 ! ] we have shown that the quantum-mechanical approaches implemented in KAPSIES perform comparable to or better than the systematics and generally predict the double-differential cross sections better than the semiclassical approaches such as the exciton model [ 1, . Given the present-day computer power, the quantum-mechanical approach to pre-equilibrium reactions is amenable for large-scale nuclear data applications.
We recapitulate the model equations that are implemented in KAPSIES in Section 2 and give a description of the code system and the method of calculation in Section 3. In Section 4, we discuss the implementation and some test results. Sample input and output for a typical run are given at the end of this paper.
MSD model equations and data flow
The expressions for the MSD cross section have been derived from statistical principles in [ 3] and subsequently transformed into a computable form in [ 11 ] . These cross sections have in common that they consist of a combination of state densities and DWBA cross sections. The particular form of this combination is a direct [3,111. result of the statistical postulates that are associated with the various theories cited above. The continuum cross section can be written as an incoherent sum of one-step and multi-step cross sections:
Distorted
The one-step cross section is the same for all models, namely
We use the the Williams particle-hole state density o~p,h for p particles and h holes with consideration of the finite depth of the hole [ 16, 17] wp,
where F is the Fermi energy, g the single-particle state density, Ex the excitation energy, n = p + h the exciton number, Epp = [p2 + h 2 + p _ hi/2g the minimum energy required to excite p particles and h holes satisfying the Pauli principle, Ap, h = [p(p -1) + h(h -l)]/4 the Pauli correction factor, P the pairing correction and O denotes the unit step function. The spin distribution function R(1) is given by
where tr is the spin cutoff factor. The quantities in Eq. (2) between square brackets are DWBA cross sections, which we evaluate using a macroscopic vibrational model [2, 11] . Applying leading-particle statistics to the higher order distorted wave Born series yields the n-step cross section of the FKK model [4] :
A salient feature of the convolution structure of this equation is that the n-step cross section can be expressed in terms of the result of the previous stage and is therefore easy to calculate. Basically, only first order DWBA cross sections are required as input for the calculation of the multi-step cross section, i.e. Eq. (2) serves as the source term. In KAPSIES, up to five steps can be calculated for the FKK model.
Applying residual-system statistics to both the intermediate and final states of the higher order DWBA series gives the two-step cross section of the TUL model [5] :
Finally, applying residual-system statistics on the final states only gives the two-step cross section for the NWY model [6], which we estimate by
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In Eqs. (2), (5)- (7), m is the reduced nucleon mass, l is the transferred angular momentum, 11 and 12 the transferred angular momentum in the first and second step, E0, 12o and E,/2 are the incident and outgoing energy and solid angle, respectively, and En,/2n are the leading-particle energy and solid angle at the nth stage. The bar in Eq. (7) denotes an average over intermediate energy, an additional approximation that was needed to bring the original NWY model into a computationally tractable form (see [ 11 ] ). In order to compare our results with purely phenomenological approaches, we have also included the systematics of Kalbach [ 12] in our code system. This parametrization, based on fitting a large number of experimental double-differential cross sections, generally provides a good fit to the shape of the pre-equilibrium angular distribution. Kalbach's formula for the double-differential cross section for reactions consisting solely of MSD processes reads
The various constants of this parametrization are given in [ 12] . For consistency, when we compare our MSD results with Eq. (8), we take the angle-integrated cross section do'Mso/dE as calculated from the MSD models. An attractive feature of the inclusion of Kalbach's systematics is that it provides a very simple check on the MSD model predictions for pre-equilibrium angular distributions. The left and right continuum cross sections, denoted with a subscript L and R, respectively, can be constructed following the previous formulae, on the basis of the corresponding polarized DWBA cross sections. Then, the continuum analyzing power is
where again the left and right cross sections consist of one-and multi-step terms. On the basis of the above model equations, it follows that an MSD computer program has to carry out the following functions: I. Prepare the parameters needed as input for the DWBA computation. They include physical parameters (e.g., reaction type, optical model) and computational parameters (e.g., energy grid) as well as control parameters (e.g., what MSD theory is to be calculated).
2. Calculate the appropriate individual DWBA cross sections. 
Description of the program
The architecture of KAPSIES is based on the data-flow diagram of Fig. 2 . The general structure of the code system is sketched in Fig. 3 .
The code system consists of three main parts. The first part is the program KAPSIES1, where the basic parameters for the MSD reaction calculation are specified and a collection of input files for the DWBA calculator is constructed. The middle part consists of a standard DWBA calculator, which is used for the generation of the large number of required DWBA cross sections that underly the MSD cross sections. For this we have opted for the code ECIS88 [ 18] . The third part is the program KAPSIES2, which processes the DWBA cross sections according to the expressions (2)-(8) in order to obtain the MSD cross sections.
Pre-processor KAPSIESI
In KAPSIES1, the basic information for the MSD reaction is specified and subsequently transformed into input files according to the format of ECIS88. Furthermore, the parameters that are needed for the statistical MSD calculation are written on a file which will be read by the program KAPSIES2. In Fig. 4 , a structure chart showing the module structure of KAPSIES 1 is given.
In subroutine INP, the input file for KAPSIES1 is read. A sample input file for KAPSIES1 is presented at the end of this paper. For the convenience of the user, we have strived for a self-explanatory input file. The first input variables are the incident energy in the LAB system, the target nucleus and the type of incident particle (proton or neutron). The user can specify the minimal outgoing energy for which the MSD cross section is desired, the number of points on the energy grid (this includes the incident and minimal outgoing energy), NUMMSD, and the maximum transferred angular momentum JMAX. The latter two parameters determine the accuracy (and the amount of computer time) of the calculation. Next, it is specified whether the DWBA cross sections are calculated using relativistic or non-relativistic kinematics, the angle increment (5 or 10 degrees) can be given as well as options for the creation of DWBA input files for the FKK model (first order DWBA) and/or for the TUL and NWY models (second order DWBA). These options can be activated by giving a (lowercase) 'y' in the input. Finally, the optical model parametrizations (for either protons or neutrons) can be chosen together with their range of applicability. Since MSD calculations may extend over a large energy region, complementary prescriptions can be used for different energies. The code for the optical model (see Table I ) and the associated energy range can be given for up to three different ranges.
On the basis of this input, subroutine INIT prepares some basic nuclear reaction quantities such as the mass of the target nucleus (which is read from a mass table) and an equidistant grid of leading-particle and excitation energies.
In subroutine OPTMOD, the optical potentials for the calculation of the initial, intermediate and final distorted waves and for the form factor are generated using optical model systematics. For each point on the energy grid, the optical model parameters are calculated. The predefined optical model algorithms that are included in KAPSIES1 are displayed in Table 1 . Further parametrizations can easily be added to the source code by the user.
In subroutine INONE, the first order DWBA input files for ECIS88 are created using the quantities calculated by the aforementioned subroutines. A single ECIS88 input file is characterized by one incident energy and one outgoing energy. For this pair of energies, (JMAX + 1) natural parity states (starting with a 0+-state and increasing up to JMAX) are specified at the corresponding excitation energy. For each residual state, the DWBA cross section will be computed. The form factor is related to the derivative of the optical potential with potential parameters taken at an energy halfway the incident and outgoing energy. The computation of the continuum one-step cross section over the whole energy range requires NUMMSD input files, corresponding with NUMMSDx (JMAX + 1 ) first order DWBA cross sections. The FKK multi-step cross section basically consists of one-step cross sections, a result of the convolution structure of the model. Besides the outgoing energy, the incident energy of these one-step cross sections is also varied, see Eq. (5). The grid of incident energies (which are, strictly speaking, intermediate energies in the multi-step process) has been taken differently from that of the outgoing energies, in order to allow for a more accurate integration procedure for the multi-step cross sections (which is carried out in the post-processing program KAPSIES2). In addition to the calculation of the continuum one-step cross sections, the multi-step FKK calculation requires a further NUMMSD x (NUMMSD -1) input files (i.e. NUMMSD × (NUMMSD -1) × (JMAX + 1) first order DWBA cross sections). For all DWBA calculations, we take a default deformation parameter of 0.02 and perform the strength adjustments in KAPSIES2.
Analogously, subroutine INTWO generates NUMMSD 2 x (J1 MAX + 1 ) input files, resulting in NUMMSD 2 x(J1MAX+ 1) x (J2MAX÷ 1) second order DWBA cross sections that are required for the TUL and NWY model. Here, JIMAX and J2MAX (which are both taken equal to JMAX/2) are the maximum transferred angular momenta in the first and second step, respectively.
Several of the parameters that were specified in the input file or calculated by KAPSIES1 are also needed for the MSD model calculation. In subroutine INFO, these parameters are written to the file KAPSIES 1.RES, which will be used directly as an input file for the program KAPSIES2.
DWBA calculator ECIS88
The choice of using the coupled channel code ECIS88 [ 18] as our DWBA generator was motivated by its general success in predicting direct reaction cross sections for discrete states and its capability of handling a large variety of reaction types over a wide energy range. Of course, a full coupled channels calculation is too detailed for our purposes and would be an unnecessary waste of computer time. However, ECIS88 is perfectly suitable for first and higher order DWBA calculations.
If so desired, KAPSIESI may be modified to create input files for other DWBA codes (e.g. DWUCK-4 [ 19] ). Such changes are to be made in subroutines INONE or INTWO of KAPSIES1. For a microscopic MSD description (see e.g. [8, 20] ) an additional shell model subroutine will be necessary.
Post-processor KAPSIES2
In the program KAPSIES2, the calculation of the continuum cross sections and analyzing powers is performed. The data produced by KAPSIES1 and ECIS88 are read and processed according to the various MSD prescriptions. A structure chart of KAPSIES2 is given in Fig. 5 .
In subroutine INP1 the input from the user is read. A sample user input file for KAPSIES2 is given at the end of this paper. It is divided into four parts.
First, one can specify which MSD model(s) is (are) used for the calculation. Of course, the calculation of the FKK, TUL or NWY cross sections is only possible if the appropriate (first or second order) DWBA cross sections have been produced by ECIS88. Two further options concern the comparison of the calculated continuum angular distributions with the Kalbach systematics and the addition of the third and higher steps of the FKK model to the first two steps of the TUL and NWY model. Up to five steps for the FKK model can be given.
The second part of the input file controls the output of KAPSIES2. One may choose to print the one-step and two-step DWBA cross sections (resulting in a rather voluminous output) and the level density. The output of the MSD cross sections may be presented per outgoing energy (giving angular distributions) and per outgoing angle (giving spectra for each angle). Also, there is an option to print the relative contribution of each step. Finally, the continuum analyzing power for each MSD model can be calculated and printed.
The level density parameters a, p (pairing correction) and tr (spin cutoff factor) are read in the third part. The default values (represented by a blank input) can be overruled by alternative values.
In the last part of the input, one can give the parameter CINP which serves to adjust the absolute magnitude of the cross sections. CINP is a multiplication factor for the default value (0.02) of the deformation parameter and should be reasonably close to one.
In subroutine INP2 the file KAPSIES 1.RES is read, which contains the basic parameters (numerical constants, masses, the energy grid, optical potentials, etc.) created by KAPSIES1.
In subroutine INIT, some further numerical constants (such as the kinematical factor of the FKK formula (5) where n is the exciton number. In the input file, these default values can simply be overruled. The spin distribution (4) is also produced in this subroutine.
The particle-hole level density (3) is calculated by the function OMEGA.
The functions tOp,h(Ex), R2(J) and p(Ex, J) = (2J+ 1)R2(J)Wp,h(Ex) are printed in subroutine LEVOUT if the corresponding input value is set to 'y'. In subroutines DWIN1 and DWIN2, the DWBA one-step and two-step cross sections as calculated by ECIS88 are read from a file called fort.7. Also, the DWBA analyzing power may be read from this file, enabling the computation of the left and right DWBA cross sections. In subroutines DWOUT1 and DWOUT2, the DWBA cross sections are printed.
Subroutine ONE produces the continuum one-step cross sections. Here, the first order DWBA cross sections are multiplied by the state density per angular momentum (see Eq. (2)). The cross sections with the highest incident energy (i.e., the incident energy as given in the input file of KAPSIES1), DSTEP, represent the one-step cross sections for all MSD models. The cross sections with lower incident energies, CSCONT, are employed for the calculation of the FKK multi-step cross section (see Eq. (5)).
Subroutine FKK comprises a recursive calculation of the multi-step cross sections of the FKK model. Basically, it consists of the angle and energy integration of the continuum one-step cross sections. Since the latter are calculated with an incident angle of zero degrees, the double-differential one-step cross sections that represent the second step of the two-step process must be transformed so that the new incident (i.e. intermediate) angle corresponds with the final angle of the first step. This transformation is performed in subroutine ANGLE using the three-dimensional cosine rule. The integration over intermediate energy is done according to Simpson's rule. We note that the accuracy of this integration is important, since errors tend to build up in the higher MSD steps [11] .
The double-differential one-step cross sections of subroutine ONE and multi-step cross sections of subroutine FKK are transferred to subroutine TOTAL, where the angle-integrated, energy-integrated and total MSD cross sections (summed over steps) are calculated. The following quantities are produced by TOTAL: -DSTEP: continuum multi-step direct cross section as a function of step, outgoing energy and angle.
-DSTEPA: continuum multi-step direct cross section as a function of step and outgoing energy (angleintegrated). -DSTEPE: continuum multi-step direct cross section as a function of step and outgoing angle (energyintegrated).
-DSTEPAE: continuum multi-step direct cross section as a function of step (angle-and energy-integrated). -DTOT: continuum multi-step direct cross section as a function of outgoing energy and angle (summed over steps). -DTOTA: continuum multi-step direct cross section as a function of outgoing energy (summed over steps and angle-integrated). -DTOTE: continuum multi-step direct cross section as a function of outgoing angle (summed over steps and energy-integrated). -DALL: total continuum multi-step direct cross section.
In subroutine KALBACH the calculated MSD double-differential cross sections are compared with Kalbach's systematics. The angle-integrated cross section (as a function of outgoing energy) DTOTA from the MSD model is used as input for Kalbach's parametrization. For easy comparison, the results are printed next to the columns of the MSD angular distributions.
Subroutine MSDOUT controls the output of the MSD cross sections as delivered by subroutine TOTAL. The options entered in the input file determine whether the cross sections are grouped per angle (double-differential In subroutine RELCON, the relative contribution of each step is calculated and printed per angle and/or per energy if the corresponding option is set to 'y'. These relative contributions, which may give an alternative insight in the construction of the MSD cross section by the various steps, are obtained by simply dividing the MSD cross section for each separate step by the total result.
In subroutine APOWER, the continuum one-step and multi-step left and right cross sections are collected in order to calculate the continuum analyzing power (see Eq. (9)).
Finally, in subroutine TIMER the execution time is displayed. The same numerical techniques as employed for the FKK model calculation are also used for the computation of the TUL and NWY two-step cross sections. This task is performed in subroutines TUL and NWY, respectively. Here, the two-step DWBA cross sections are processed according to Eqs. (6) and (7), respectively. These subroutines also call the sequence of subroutines TOTAL, MSDOUT, KALBACH, RELCON and APOWER for a complete cross section and analyzing power calculation.
Implementation and results of KAPSIES
KAPSIES has been written in standard FORTRAN-77 and currently runs on a DEC-AXP 3000/500 computer and on a SUN SPARC-2 workstation. For both KAPSIES 1 and KAPSIES2, a file that contains all common blocks and type declarations has been created and included at the beginning of each subroutine. This reduces the size and improves the readability and maintainability of the source code. The code ECIS88 can be obtained from the NEA Data Bank.
The chosen sample run given at the end of this paper is the 9°Zr + p reaction at 80 MeV. In part C of the Test Run Input and Output section, the output corresponding with the input files given in parts A and B is presented. In Fig. 6 , a comparison between the results as calculated with the FKK model and the experimental data for one outgoing energy are displayed.
The running time for this sample problem (which consists of a FKK calculation only) on a DEC-AXP 3000/500 computer is 0.55 s for KAPSIES1, 1.53 s for KAPSIES2 and 69.54 s for ECIS88. Clearly, the generation of individual DWBA cross sections constitutes the major part (typically 95 %) of the calculation. The running time for a calculation (with the same energy grid) of the TUL and NWY models is roughly ten times larger because the calculation of second order DWBA cross sections is rather involved. For one specific reaction, the calculations with the codes KAPSIES1 and ECIS88 have to be performed only once. Since the DWBA cross sections are proportional to f12 (for small ill), we can perform additional adjustments in the post-processor KAPSIES2 (with the factor CNORM). Hence, the latter code can be used separately from the the other two codes.
The results of the calculations have been placed in a physical perspective in [ 11 ] where some comparisons with experimental data were made. There, we came to the conclusion that the FKK model is the most appropriate for routine calculations. Currently, we are extending our code system with the collective, multi-step compound and compound reaction mechanisms, more sophisticated level density prescriptions and more complex reaction types [24] . We hope to publish this code later on. In sum, we believe that the quantum-mechanical approach to pre-equilibrium reactions is now a helpful tool for practical applications. 
TEST RUN INPUT AND OUTPUT

A. Sample input file for KAPSIES1
80
